Abstract Compound-specific amino acid carbon-isotope compositions have shown particular promise for elucidating dietary behaviors in complex environmental contexts, and may also be able to mitigate the effect of many of the limitations inherent to palaeodietary reconstructions. Here, we investigate the efficacy of compound-specific amino acid isotopic proxies in characterizing the consumption of different dietary protein sources using amino acid carbon-isotope compositions for humans and fauna from Rössberga (Early to Middle Neolithic), Köpingsvik (Mesolithic and Middle Neolithic), and Visby (Medieval Period), Sweden. We also assess the explanatory capabilities of an isotopic mixing model when used with essential amino acid carbon-isotope compositions of humans and local fauna. All three isotopic proxies distinguished among humans from the three sites consistently and informatively, and were able to enhance the broad interpretations made using bulk isotopic compositions. The mixing model palaeodietary reconstruction revealed considerable diversity in relative protein source contributions among individuals at both Köpingsvik and Visby. Comparing the mixing model for bulk carbon-and nitrogen-isotope compositions to the model for essential amino acid isotopic compositions further demonstrated the likelihood of underestimation and overestimation of marine protein consumption for both aquaticdominant and mixed marine-terrestrial diets when using bulk isotopic compositions.
Introduction
Carbon-and nitrogen-isotope analyses of archaeological human and faunal remains have made important contributions to palaeodietary and palaeoecological reconstruction for decades, but, in recent years, there has been a growing interest in using compound-specific amino acid isotopic analysis to extend the limits of palaeodietary interpretation (Choy et al. 2010; Corr et al. 2005 Corr et al. , 2008 Fogel and Tuross 2003; McCullagh et al. 2006; Naito et al. 2010; Smith et al. 2009; Styring et al. 2010 Styring et al. , 2015 . Amino acid carbon-isotope compositions have shown promise for elucidating dietary behaviors in complex socioeconomic and environmental contexts and may also be able to mitigate the effect of many of the limitations inherent to palaeodietary reconstructions that use bulk collagen isotopic compositions (inter alia Ambrose and Norr 1993; Epstein 1978, 1981; Froehle et al. 2010; Hedges 2004; Koch and Phillips 2002) . Although numerous factors impose important limitations on palaeodietary reconstruction from bulk protein isotopic compositions, of particular importance here are the potential for variable tissue-diet isotopic offsets, the effect of the nonprotein portion of diet on body protein isotopic composition, and the influence of both nutritional quality (i.e., ratio of carbohydrates, lipids, and proteins in diet) and protein source (e.g., terrestrial vs. aquatic; Hedges 2004; Howland et al. 2003; Parkington 1991 ).
When diet is protein-sufficient, the δ 13 C values of proteinaceous consumer tissues largely reflect the carbon-isotope composition of dietary protein (Ambrose 1993; Kellner and Schoeninger 2007) . At higher levels of protein consumption, dietary amino acids are typically routed more or less directly from diet to tissue with minimal modification. When protein consumption is low, carbon drawn from dietary carbohydrates and lipids can constitute ∼49-58 % of the carbon in collagen (Howland et al. 2003) . Crucially, the ability to detect small amounts of marine protein consumption is highly problematic. Preliminary models suggest that a contribution of ∼20 % marine protein to total dietary protein may cause very small (approximately +0.3 to +1.8‰) changes in bulk collagen δ 13 C values (Hedges 2004) . Thus, if a small amount of marine protein is consumed, with the remainder of total dietary protein derived from a terrestrial source, the carbon-isotope compositions of collagen (δ 13 C col ) may be quite low, obscuring the marine carbon contribution. In contrast, protein-adequate diets that include large contributions of carbon from marine sources may overestimate marine protein consumption due to preferential routing of marine protein amino acids to body tissues (Corr et al. 2005; Hedges 2004 ). Nitrogen-isotope compositions can, in some instances, be used to disentangle aquatic and terrestrial resource consumption. Freshwater and marine food webs are considerably more complex than terrestrial food webs and have many trophic levels, which result in higher δ 15 N values due to cumulative 15 N-enrichment from producers to increasingly higher-level consumers. Nondietary factors, however, can have significant impact on the δ 15 N values of humans, other consumers, and primary producers. Biological factors such as illness, traumatic injury, starvation, rapid growth, physiological stress, and pregnancy can all cause changes in nitrogen metabolism and thus in human and faunal tissue nitrogen-isotope compositions (Fuller et al. 2004a, b; Heaton et al. 1986; Hedges and Reynard 2007; Hobson et al. 1993; Mekota et al. 2006; Olsen et al. 2014; Petzke et al. 2006; Schwarcz et al. 1999; White and Armelagos 1997; Williams et al. 2011) . Aridity and the application of animal dung as manure can also increase the δ (Bogaard et al. 2007; Fraser et al. 2011; Gröcke et al. 1997) .
Isotopic mixing models are commonly used in ecological research to quantify the contributions to diet of different resources for an individual or group, with the objective of elucidating the relationships between producers and consumers in an ecosystem. In order to integrate large, complex datasets and refine insights into human palaeodiet and ancient ecosystems, many archaeologists have also begun making use of the growing body of archaeological and modern isotopic data to apply isotopic mixing models adapted from ecological studies. There are some important limitations associated with mixing models in general (reviewed in Phillips 2012) , and their particular application to archaeological contexts. There is uncertainty regarding the expected isotopic offset between carbon in consumed food and in different tissues in the body (i.e., tissue-diet isotopic discrimination). Part of this uncertainty is related to the extent of dietary routing of nonessential amino acids, which may change depending on the kind of dietary protein consumed (e.g., terrestrial vs. marine; Corr et al. 2005) , as well as the differences in fractional contributions of different macronutrients (e.g., dietary amino acids, fatty acids, and carbohydrates; Jim et al. 2006 ) to the protein component of different tissues. The tissue protein carbonisotope composition is a weighted average of the isotopic compositions of both its essential and nonessential amino acids (herein δ 13 C E-AA and δ 13 C NE-AA , respectively). Essential amino acids cannot be biosynthesized by the body and therefore must be ingested in sufficient quantities. In contrast, nonessential amino acids can be assimilated directly from dietary protein, or may be synthesized de novo using components drawn from the body's biochemical pools; the latter process will result in isotopic discrimination or fractionation (Ambrose and Norr 1993) . The tissue δ 13 C E-AA values are thus expected to closely approximate dietary δ 13 C E-AA values due to direct routing, i.e., Hare et al. 1991; Howland et al. 2003; Jim et al. 2006) . Because essential amino acids are not significantly modified by the body before incorporation into tissues, the tissue δ
13
C E-AA values also reflect the isotopic composition of carbon from plants at the base of the food web. Nonessential amino acid δ
C values, however, may show evidence of both direct routing and biosynthesis, depending on the quality, digestibility, and amino acid composition of consumed food. Further, although the model can incorporate local modern or archaeological faunal isotopic compositions, there is also, as with all palaeodietary research, a risk of incomplete representation of dietary resources in the archaeological record. Finally, human food choice is extremely variable and often mediated by nonecological or nonbiological factors. Even if a resource is readily available, it may only be consumed by one group within the larger population (e.g., based on gender, status, or socioeconomic role), or perhaps not at all (e.g., due to taste preferences or taboos). Nonetheless, the potential for fine-grained insights and more intuitively understandable dietary reconstructions has led to a number of recent studies investigating archaeological applications of mixing models.
Here, the objective is to investigate the efficacy of compound-specific amino acid carbon isotopic proxies in characterizing the consumption of different dietary protein sources. We present new amino acid carbon-isotope compositions for humans and fauna from three archaeological sites in Sweden dating from the Middle Neolithic to the Medieval period and compare them with previously published bulk isotopic compositions. Archaeological and zooarchaeological data strongly indicate that the inhabitants of each site consumed a distinct diet: at Rössberga, human diet was dominated by C 3 plant-derived protein; at Köpingsvik, by marine protein; and at Visby, a mixed diet including both C 3 plant and marine protein was consumed. This diverse range of diets provides an ideal opportunity to test the ability of amino acid carbon-isotope compositions to describe and differentiate among diets dominated by one class of resources (Rössberga and Köpingsvik) and a heterogeneous mix of dietary protein sources (Visby). We also investigate the explanatory capabilities of IsoSource, a commonly used mixing model, when it is used with essential amino acid carbon-isotope compositions from humans and local fauna. We use the mixing model to broadly quantify the relative contributions to diet of different protein sources for humans from Köpingsvik and Visby, as groups and for each individual, and we compare the outcome of the compound-specific amino acid model to a model generated using the bulk carbon and nitrogen isotopic compositions.
Materials and methods

Archaeological sampling
Human and faunal remains were sampled from the sites of Rössberga (Middle to Late Neolithic), Köpingsvik (Middle Neolithic, 3300-2300 BCE), and Visby (Medieval Period) in Sweden (Fig. 1, Table 1 ). The site of Rössberga includes an Early to Middle Neolithic passage grave containing at least 17 burial compartments and the disarticulated remains of at least 128 individuals, including males, females, and juveniles (Ahlström 2001) . It is likely that the humans interred at Rössberga represent a group of pastoralists, most likely engaged in a combination of animal rearing (e.g., cattle and sheep/goats) and hunting (Lidén 1995) . Bone and dentin samples from ten humans, as well as several cattle, dog, mountain hare, pig, and red fox specimens, were selected for compoundspecific isotopic analysis. Previous bulk stable isotope analysis suggests reliance on C 3 plant-derived terrestrial protein for all individuals (δ Köpingsvik is located on the west coast of Öland Island in the Baltic Sea. The archaeological site has been continuously occupied since the Late Mesolithic. Here, nine individuals attributed to the Middle Neolithic Pitted Ware Culture and one dated to the Mesolithic (Eriksson et al. 2008) were selected for compound-specific isotopic analysis. Numerous faunal remains representing a variety of dietary ecologies were also analyzed, including terrestrial ruminants (cattle, moose, sheep/goat), pigs, dogs, marine mammals (grey seal, harp seal, harbor porpoise, ringed seal), saltwater fish (cod, herring), birds (black-throated diver), and pike, which all inhabit the brackish aquatic environment of the Baltic Sea. Stable isotopic results from bulk protein analysis suggested a significant contribution of marine protein to human diet (δ 13 C −15 to −13‰; δ 15 N +16 to +18‰). During the late medieval period, the city of Visby on Gotland Island was under strong German influence as a member of the Hanseatic League, an economic trading alliance that included numerous cities on the northern coast of Europe. Bone and dentin samples from eleven humans recovered from the burial grounds of three parishes, St. Hans, St. Mikael, and Sta. Gertrud, are analyzed here. A variety of fauna, including dogs, cats, chicken, cattle, rats, and several species of fish (herring, pike, and roach) are also investigated. Previous analysis of bulk bone collagen isotopic compositions suggest that these humans had a mixed diet, including both marine and terrestrial inputs (δ 13 C −21 to −18‰; δ 15 N +9 to +15‰; Lindkvist 2008).
Analytical methods
Collagen was extracted from bone or tooth dentin powder at the Archaeological Research Laboratory, Stockholm University, using the method described in Brown et al. (1988) . Collagen samples of ∼0.5 mg were weighed into tin capsules and isotopic analysis was performed using a Carlo Erba NC2500 elemental analyzer coupled to a Finnigan MAT Delta Plus mass spectrometer via a split interface. Bulk collagen isotopic analyses were performed at the Stable Isotope Laboratory (SIL) in the Department of Geological Sciences, Stockholm University. The δ 13 C values were calibrated to VPDB using NBS-18, NBS-19, IAEA-CO-1 and IAEA-CO-8, and the δ 15 N values were calibrated to AIR using IAEA-N1, IAEA-N2, IAEA-NO-3, and USGS25. Precision was monitored throughout using in-house standards (acetanilide and pepton) and was ±0.1‰ for both carbon-and nitrogenisotope analyses.
For each sample, approximately 2 mg of collagen was hydrolyzed by heating at 110°C in 6 M HCl for 24 h. Collagen hydrolysates of free amino acids were dried under N 2 at 60°C and redissolved in 1 ml HPLC-grade water for LC/IRMS analysis. Amino acid δ 13 C values were obtained using a Surveyor HPLC connected to a Delta V Plus mass spectrometer via an LC Isolink interface (Thermo Scientific). Amino a c i d s w e r e r e s o l v e d o n a P r i m e s e p A c o l u m n (250 mm × 3.2 mm, 5 μm particle size, 100 Å pore size, SiELC Technologies Ltd.) using a linear two-phase mobile phase gradient progressing from 100 % water to 100 % 0.024 M H 2 SO 4 (Dunn et al. 2011; Honch et al. 2012; McCullagh et al. 2006; McCullagh 2010) . Reference CO 2 gas was calibrated against IAEA L-glutamic acid (USGS40; 1 Bulk carbon-and nitrogen-isotopic composition ranges reported in this section reflect all individuals sampled for isotopic analysis, i.e., not only the individuals analysed for their δ
13
C AA values for this study.
Archaeol Anthropol Sci (2018) 10:1-18δ 13 C −26.2‰). Accuracy and reproducibility were monitored throughout using a standard amino acid mix incorporating a wide range of δ 13 C values (δ 13 C Asp −22.4‰; δ 13 C Glu −26.2‰; δ 13 C Gly −32.4‰; δ 13 C Ala −26.1‰; δ 13 C Pro −10.6‰; Sigma-Aldrich). All archaeological samples were analyzed in duplicate. Data were analyzed with Isodat software (version 2.5). All analyte peaks were manually integrated to ensure that δ 13 C values were accurately reported.
Results
Bulk protein carbon-and nitrogen-isotope compositions are summarized in Fig. 2 and Table 2 (see also Eriksson et al. 2008; Linderholm 2008; Lindkvist 2008) . For amino acid isotopic analyses, collagen preservation was assessed by comparing each sample amino acid distribution to the theoretical distribution for collagen. All reported amino acids were preserved within 10 % of the theoretical value (Dunn 2011 ). The δ 13 C values are reported for the following amino acids: aspartic acid/asparagine, hydroxyproline, glutamatic acid/glutamine, threonine, serine, methionine, histidine, glycine, alanine, proline, valine, isoleucine and leucine, lysine, phenylalanine, and arginine. Isoleucine and leucine co-elute and are thus reported as a single value. Aspartic acid and asparagine are indistinguishable post-hydrolysis, as are glutamic acid and glutamine, and are reported as single values. Serine typically elutes in a region where the baseline drops with the introduction of the sulfuric acid component of the mobile phase, and the δ 13 C Ser values are less accurate because of the difficulty of integrating peaks in such as dynamic region. Low abundance amino acids (i.e., methionine and histidine) are likewise not considered interpretively useful because of poor reproducibility compared to the more abundant amino acids. All the δ
13
C AA values are reported in Table 2 and shown graphically in Fig. 3 .
A summary of the isotopic compositions for four comparative human populations is presented in Table 3 to provide context for the amino acid and bulk protein isotopic 
Discussion
Comparative δ 13 C AA values from a variety of ecological and archaeological settings, some previously published, are used to contextualize the human isotopic results from this study. All the amino acid carbon-isotope compositions were generated using a similar laboratory Table 1) . Briefly, archaeological human δ 13 C AA values representing high marine protein consumption (Japan and Greenland), terrestrial C 4 -derived protein consumption (Mesoamerica), high freshwater protein consumption (Iron Gates Region), and high C 3 -derived protein consumption (Eastern Europe) are used to assess the efficacy of the proxies tested here in distinguishing among Although there is necessarily some degree of uncertainty in all palaeodietary reconstructions, the interpretation of the dietary isotopic data for these four well-constrained groups is supported by archaeological and zooarchaeological evidence.
Terrestrial vs. aquatic resource consumption
The Δ 13 C Gly-Phe proxy effectively discriminates between diets dominated by aquatic (marine and freshwater) and terrestrial (C 3 and C 4 plant-derived) protein, and this has been demonstrated in archaeological human and faunal specimens (Choy et al. 2010; Corr et al. 2005) . Phenylalanine is an essential amino acid that has been shown to be directly routed from diet to tissue with very little isotopic fractionation (∼1-2‰), based on archaeological data from Honch et al. (2012) and other published datasets (e.g., Choy et al. 2010; Corr et al. 2005 ), as well as controlled feeding studies using mice (Jones 2002 ) and pigs (Howland et al. 2003) . In contrast, the isotopic composition of glycine, a nonessential amino acid, varies systematically between terrestrial and marine ecosystems, where marine glycine δ 13 C values tend to be high. (Fig. 4a, b) . The average Δ 13 C Gly-Phe value for the Rössberga humans was +12.4 ± 1.0, and faunal values are similar, ranging from 8.2 (ROSS33, a cow) to 13.3 (ROSS35, a dog; Fig. 4a, b) . Humans from Köpingsvik displayed higher Δ 13 C Gly-Phe values (+19.8 ± 1.0) consistent with the greater consumption of marine resources inferred from the bulk carbon-and nitrogen-isotope compositions (Figs. 4 and 5) . High average Δ 13 C Gly-Phe values were exhibited by marine mammals (+18.8 ± 1.3), fish (+18.6 ± 2.5), and dogs (+19.7 ± 0.9). For humans and these fauna, the high Δ 13 C Gly-Phe values are largely a result of high δ C Gly values and marine protein consumption observed here is consistent with the findings of other archaeological studies (Corr et al. 2005; Hare et al. 1991; Honch et al. 2012) . Herring, although an aquatic species, has a moderate Δ 13 C Gly-Phe value (+14.8). This apparently terrestrial value may reflect its relative low trophic position and dietary reliance on zooplankton, 2 For samples using LC/IRMS instrumentation. Species H u m a n H u m a n H u m a n H u m a n H u m a n H u m a n H u m a n H u m a n H u m a n H u m a n which has relatively low Δ 13 C Gly-Phe values of approximately +9 (Dunn 2011) . The Δ 13 C Gly-Phe values are comparatively low for terrestrial ruminants (+10.2 ± 1.8) and pigs (+10.2 ± 1.0), which is consistent with consumption of terrestrial protein.
Using bulk carbon-and nitrogen-isotope compositions, a mixed diet incorporating both terrestrial and marine protein was inferred for humans from Visby. Human Δ 
Marine vs. freshwater resource consumption
The bivariate distribution of δ 13 C Val and δ
13
C Phe values shows potential for distinguishing between marine and freshwater resource consumption. Valine, although its recovery must be monitored closely during analysis, was determined by Honch et al. (2012) to vary in a fairly systematic fashion between marine/C 4 protein consumers and freshwater/C 3 protein consumers, and is present in protein-rich foods, such as terrestrial meat, soy and other legumes, and fish. Although there is no archaeological or zooarchaeological evidence to suggest freshwater resource exploitation, the δ 13 C Val and δ
C Phe values are applied here to test this assumption for humans from the three sites (Fig. 6) . The Rössberga humans cluster close to the C 3 plant-derived terrestrial protein consumer, exhibiting low δ and phenylalanine, the carbon-isotope composition of which is highly conserved between producers and consumers (Fig. 7) . The human nitrogen isotopic compositions from Rössberga are low (<+10‰) compared to the other two sites, whereas the δ
C Phe values are moderately low and similar to the δ
C Phe values for humans from Visby. The Visby humans do, however, Lysine −15.6 ± 0.4 −22.6 ± 0.5 −22.5 ± 1.3 −16.5 ± 1.7
Phenylalanine −23.7 ± 1.5 −30.4 ± 1.1 −27.1 ± 0.7 −19.2 ± 1.9
Aspartic acid/asparagine −14.5 ± 3.0 −22.1 ± 1.8 −20.6 ± 0.7 −13.7 ± 2.8 Hydroxyproline −14.5 ± 0.4 −19.7 ± 1.2 −21.2 ± 0.8 −10.5 ± 2.1
Glutamic acid/glutamate −14.1 ± 1.1 −20.4 ± 2.3 −18.4 ± 0.6 −10.0 ± 2.7 Glycine −7.0 ± 1.3 −10.8 ± 1.3 −12.9 ± 0.6 −7.9 ± 2.6 Alanine −18.1 ± 1.3 −25.2 ± 0.9 −21.3 ± 1.1 −12.9 ± 3.0 Proline −13.8 ± 0.4 −20.3 ± 1.0 −21.5 ± 0.9 −11.4 ± 2.3 Arginine −17.4 ± 0.8 −23.0 ± 1.0 −22.6 ± 1.5 −13.9 ± 1.9
Bulk isotopic compositions δ 15 N col +19.4 ± 1.8 +15.7 ± 1.6 +10.2 ± 0.8 +8.8 ± 1.0 δ 13 C col −13.6 ± 0.6 −18.6 ± 0.7 −19.2 ± 0.5 −11.0 ± 2.3
Data from Honch et al. (2012); all values are reported as an average ± one standard deviation in ‰ 
Applying a mixing model
Considerations for the IsoSource mixing model
IsoSource has been widely used for ecological modeling (Phillips et al. 2005; Phillips and Gregg 2003) , as well as some archaeological research (Beavan-Athfield et al. 2008; Beavan-Athfield and Mays 2009; Fabre et al. 2011; Grupe 2014; Mays and Beavan 2012; Newsome et al. 2004) and is both simple to use and freely available. Here, our goal is to use a mixing model to provide a more informative resolution of faunal and human δ 13 C E-AA values. The isotopic compositions of five essential amino acids (phenylalanine, valine, isoleucine/leucine, and lysine) from fauna and humans from Visby and Köpingsvik were used to characterize differences in relative contributions of different dietary resources. Rössberga is not included because the sample is limited with respect to the number of faunal remains available for analysis, and also exhibited very low dietary variability.
Using essential amino acid isotopic compositions will mitigate the uncertainty resulting from the possibility of direct routing of nonessential amino acids and unknown tissue-diet relationships, because the essential amino acids must be routed from diet to tissue and are not extensively altered by isotopic discrimination during metabolism (Howland et al. 2003; Jim et al. 2006) . Further, because δ 13 C E-AA values do not change appreciably, their isotopic compositions will approximate consumed plant δ 13 C E-AA values, thereby compensating to some extent for the limitations imposed by preservation in the archaeological record. The IsoSource model does not allow compensation for differences in the relative concentrations of the essential amino acids in the sources to be made. All the samples analyzed herein, however, are collagen, which minimizes the impact of this limitation. Fish collagens do typically have slightly higher concentrations of serine and glycine than mammalian collagens (Szpak 2011) , but neither of these amino acids are used in the model. The δ
13
C E-AA values should therefore enable a relative assessment of dietary inputs from different classes of local resources, e.g., marine vs. freshwater vs. terrestrial, and, to a lesser extent, among animals within these categories with different feeding ecologies. The human isotopic compositions (either sample averages or individuals) describe the "mixture" to be evaluated and the faunal isotopic compositions are the "source." The model then creates a mixing polygon that circumscribes all possible mixtures that are consistent with the isotopic compositions of the sources. In addition to the human and faunal isotopic compositions, the software requires the user to enter increment and tolerance parameters. Increment refers to the number of points evaluated at, for example, 1 % intervals, whereas tolerance limits how far in per mil a solution can be outside of the mixing polygon and still be viable. Hypothetically, if the tolerance is not changed, decreasing the increment will increase the number of points evaluated and thus increase the number of solutions returned. In contrast, if the increment is not changed, decreasing the tolerance increases Fig. 8 Graphical representation of average and range of % contribution of different dietary protein sources generated using the δ 13 C E-AA values for a Köpingsvik and b Visby. Filled squares: % range of contribution for the sample; hollow circles: % range of contribution for individuals the accuracy of the solutions by excluding points far from the mixing polygon. In archaeological systems, which cannot be as well-understood as contemporary ecosystems, a low tolerance may be unrealistic and risks overinterpreting the data, whereas a too-wide tolerance risks rendering the model uninformative. In practice, IsoSource provides a set of viable solutions from different combinations of the source components that satisfy the isotopic mass balance model for each mixture at a particular tolerance level. Descriptive statistics (mean, minimum, and maximum) are generated by IsoSource and are used here to describe the distribution of the viable solutions.
For comparative purposes, bulk collagen δ
C and δ
15 N values will also be assessed using IsoSource. To compensate for isotopic discrimination, tissue-and taxa-specific adjustments were made to the faunal collagen δ 13 C and δ 15 N values to better approximate the isotopic composition of the edible portions (i.e., muscle) as follows: fish collagen δ 13 C values were adjusted downward by 0.8‰ (Dunn 2011) and mammalian collagen by 2.5‰ (Keegan and DeNiro 1988; unpublished data) N col values by 3‰ to compensate for tissue-diet discrimination and the trophic level effect, respectively (Ambrose 1993 (Ambrose , 2000 .
Palaeodietary reconstruction using IsoSource
Unless otherwise stated, all data in this section are reported as average [minimum-maximum] . Evaluated as a group, the human specimens from Köpingsvik showed generally low contributions of terrestrial (ruminant and pig) fauna and similarly low contributions of cod and herring to their total dietary protein (Fig. 8a, Table 4 ), but high contributions from pike (∼53 %) and marine mammals (∼33 %). At the individual level, however, there was some heterogeneity in the proportions of different protein sources contributing to total dietary protein. Terrestrial fauna and cod/herring inputs were somewhat higher for four individuals (KOP09, KOP30, KOP112, KOP120), but the average source contributions are still less than 10 % for these resources. Highly variable amounts of marine mammal and pike were suggested, ranging from as low as 7 % [0 to 26 %] for KOP120 and as high as 71 % [70 to 74 %] for KOP70 for marine mammal consumption, and 28 % [26 to 29 %] for KOP70 and 85 % [72 to 93 %] for KOP120 for pike. Thus, although all individuals consumed some amount of marine protein, there is variability in the relative proportions of different sources of that marine protein that was not apparent using either bulk isotopic compositions or the compound-specific isotopic proxies. Using bulk carbon-and nitrogen-isotope compositions, IsoSource suggested a somewhat different dietary reconstruction for the humans from Köpingsvik 3 . Terrestrial contributions to diet were very low 3 Because the number of source groups must equal the number of isotopic proxies used +1, and because the number of proxies (i.e., δ C Ile/Leu ), source categories are grouped into terrestrial (ruminants + pigs), marine mammal, and fish (pike + cod + herring) for Köpingsvik, and ruminants, chickens and fish (pike + cod + roach) for Visby. These source combinations were chosen based on biological and ecological similarity among species, noting that while pike and roach are normally regarded as freshwater fish they co-exist within the brackish waters of the Baltic with cod, the latter normally being regarded as a marine species.
(∼2 %), as were fish contributions (∼8 %), and much higher contributions of marine mammal protein was suggested (∼90 %; Table 3 ). This emphasis on higher trophic level marine organisms is consistent with current hypotheses regarding the impact of marine protein consumption on palaeodietary reconstruction, specifically that at higher levels of consumption, bulk collagen isotopic compositions overrepresent marine resource contribution to total dietary protein (Hedges 2004) .
Human diet at Visby was dominated by terrestrial fauna, particularly chicken (∼63 %). There were low contributions generally from roach and ruminants (∼3 % each). As with the humans from Köpingsvik, there is considerable diversity in relative source contributions (Fig. 8b, Table 3 ). Chickens generally contribute a considerable proportion of dietary protein for all individuals, ranging from 20 % [0 to 51 %] for STH18 and 94 % [89 to 100 %] for STM08 and STH31. Chickens consumed an omnivorous diet, including grains, grasses, small insects, and invertebrates (i.e., C 3 plants and C 3 plantconsuming fauna, albeit from a low trophic level). Because the model uses essential amino acid isotopic compositions, rather than indicating human consumption of a large amount of chicken, these data instead suggest common dietary resources between chickens and humans, i.e., terrestrial C 3 plants and C 3 plant-consuming fauna. Some individuals consumed very little aquatic protein (STH31: average 0.2 to 3 % for three aquatic resources; STM03: 4 to 11 %, STM08:0.2 to 3 %) whereas others consume more, i.e., ∼30 % average (STH18: 8 to 28 %, STM05: 4 to 30 %). It is likely that, as reflected in the δ 13 C AA proxies, most individuals were consuming a small amount of aquatic protein. In some cases, however, individuals may have been consuming considerably more when all three aquatic species are combined, e.g., STH18 (65 % from pike, cod and roach combined, and the remaining 35 % from terrestrial sources). In contrast, STH31 acquired less than 5 % of protein from marine sources and the remaining 95 % from terrestrial resources. Thus, although the diet for Visby humans as a group can be described as including both terrestrial and marine resources, there are important differences in dietary behavior among individuals. Bulk carbon-and nitrogen-isotope compositions for the group again suggest a different dietary reconstruction. Terrestrial ruminant contributions were comparatively high (∼40 %) and contributions from chickens were similar (∼58 %), but marine resource contributions were considerably lower (∼2 %). This underrepresentation of marine resource contributions to total dietary protein supports the contention that, at low proportions of marine protein consumption (<20 % of total dietary protein), bulk collagen isotopic compositions mask the true extent of consumption (Hedges 2004) .
Although IsoSource cannot provide a single solution for dietary source contributions for a group or individual, it does establish likely boundaries for different resources, as well as the relative frequencies of source contributions. Here, using IsoSource enabled integration of a complex isotopic dataset and was especially informative about differences among individuals in dietary behavior. In a larger sample from an archaeological population, the kind of fine-grain description generated by the mixing model would be very valuable in understanding subtle changes in resource availability and in resource exploitation. Mixing model predictions based on the bulk δ 15 N col and δ
13
C col values and based on the δ 13 C E-AA values yielded substantially different palaeodietary reconstructions. These differences are likely due to variability in the extent of routing of non-essential amino acids, which may be dependent on the type of protein consumed (Corr et al. 2005 ). This limitation is to some extent addressed by using essential amino acid isotopic compositions. Further, the sample level essential amino acid model produces an arguably more realistic dietary reconstruction than using bulk isotopic data. For example, from δ 13 C col and δ
15
N col values, the model indicates that humans from Köpingsvik relied heavily on marine mammals with minimal contributions from other aquatic and terrestrial resources. In contrast, using δ 13 C E-AA values, the Köpingsvik diet incorporated a broad spectrum of marine resources, as well as moderately larger, although still small, contribution from terrestrial resources.
Conclusion
In this study, an array of δ 13 C AA isotopic proxies and relationships were used to enhance palaeodietary reconstruction at Rössberga, Köpingsvik, and Visby. All three proxies distinguished among humans from the three sites consistently and informatively, and were able to both confirm and further refine the broad interpretations made using bulk isotopic data. There is sometimes overlap in the δ 13 C E-AA values for C 3 and freshwater consumers in the same environment (e.g., continental Europe), or for marine and freshwater consumers, which could cause uncertainty using this relationship to distinguish among these consumer groups (Honch et al. 2012) . Similarly, the δ 13 C Val values for C 4 and marine consumers can also overlap, although they are typically distinguished by their δ 13 C Phe values. Further research, ideally under controlled feeding conditions, would add rigor to the application of these proxies to more complex, and less well-constrained, dietary scenarios. Using IsoSource as a tool to integrate the complex amino acid isotopic dataset also proved highly informative at both sample and individual levels. The mixing model palaeodietary reconstruction was in general agreement with the inferences made based on the amino acid isotopic proxies, but, in addition, IsoSource revealed considerable diversity in relative protein source contributions among individuals at both Köpingsvik and Visby. Moreover, when the mixing model was used to assess diet from bulk carbon-and nitrogen-isotope compositions, a different dietary reconstruction was determined for both groups. This comparison of the mixing model outcomes for bulk collagen isotopic compositions vs. essential amino acid isotopic compositions demonstrated one of the fundamental limitations associated with bulk collagen isotopic analysis-the potential for underestimation and overestimation of marine protein consumption for both marine-dominant and mixed marine-terrestrial diets. Compound-specific amino acid isotopic analysis shows considerable promise as a means of refining palaeodietary reconstruction and, in conjunction with mixing models, may ameliorate the impact of several of the limitations associated with palaeodietary reconstruction using bulk carbon-and nitrogen-isotope compositions.
